[1] One of the major problems in space physics is the limitation of measurements. We present here one way to infer global characteristics of the magnetosphere from only a single satellite position. Several consistent orbit-tracing (COT) models of fast flows in thin plasma sheets were constructed. The resulting ion distribution functions were examined to see if there are any features which can distinguish a uniform earthward flow of plasma from flows which are confined in a narrow channel in the dawn-dusk direction. The model distribution functions during uniform flows had the appearance of an initially isotropic f(v) that had simply been shifted by the earthward flow speed. The model f(v) exhibited lima bean-shaped features when the flow was confined to a region comparable to the diameter of a cyclotron orbit based on B z . Distribution functions observed by the Geotail satellite were examined for comparisons, and the measured distributions were found to exhibit features similar to those obtained in the COT model.
Introduction
[2] Ion velocity space distribution functions are a powerful tool used in analyzing plasma populations in space. The statistical nature of these mathematical constructs is intended to provide a framework that clearly emphasizes the averaged group properties of the plasma. Kinetic theories try to make sense of large statistical ensembles in a rigorous way. Usually the averaged fluid parameters become the only information used in analysis. In many cases this is a reasonable way to proceed. However there are highly non ideal configurations in space in which direct analysis of the distributions as either contours or images of particle flux density can identify features that are not available from the fluid parameters.
[3] Analyzing distribution functions by incorporating direct inspection with quantitative analysis is not a new idea. Distribution functions in regions such as the plasma sheet boundary layer (PSBL) where adiabatic ion orbits dominate have been modeled by Birn et al. [1981] and Onsager et al. [1991] . These kinds of analyses model how initially Maxwellian distributions are deformed under the application of various mechanisms such as parallel electric fields and velocity shearing. This type of adiabatic deformation approach will only be strictly valid in regions like the PSBL. In the mid tail regions near the current sheet nonadiabatic orbits are important current carriers [AshourAbdalla et al., 1993; Kaufmann et al., 1997b] and must be taken into account.
[4] In regions where nonadiabatic orbits are present different approaches have been adopted. Martin and Speiser [1988] and Speiser and Martin [1992] modeled distributions in the presence of a nearby neutral point. By injecting test particles they found that there were enhancements of particle flux density in regular ridges in the vicinity of the null point. These ridges were interpreted as indicators of the observers distance from the null point, giving a way to predict its presence in spacecraft data. Our approach is similar to that adopted in this case. The most notable issue here is that the distributions they arrived at are not selfconsistent with the fields used.
[5] Other studies use MHD to ensure that there is selfconsistency. For instance Ashour-Abdalla et al. [1996, 1997, 1998, 2000] have used measured distributions coupled with a large-scale kinetic (LSK) particle code as a way of determining particle source regions. The global fields used in these methods are self-consistently generated from MHD models. The distributions are then analyzed using test particles run in the self consistent fields.
[6] In addition to theoretical approaches there have also been several studies that catalogue the different kinds of distributions that are measured in the magnetosphere. Nakamura et al. [1991] used AMPTE/IRM data in a survey of ion distributions near the neutral sheet. Their observations indicated that several classes of distributions exist within the current sheet. Isotropic distributions are common in quiet times. Fast flows are common in times of high magnetic activity with beam like features. Other distributions seen include 'pancake', or ring distributions which have a depletion of particle flux at low energies. An important conclusion is that ion distributions show generally only a single population which allows the fluid parameters to be meaningful for moment calculations. Nakamura et al. [1992] did a similar survey of the PSBL. Another plasma sheet survey was conducted by . In this survey nonadiabatic acceleration distributions measured by Galileo were analyzed. Conclusions here were that distributions can be classified into two major types. One class can was denoted as 'lima bean' distributions. These are high-speed, high-temperature flows that are similar to PSBL distributions. These lima bean distributions were interpreted as evidence of Speiser-type orbits. The other type is a colder distribution with smaller bulk speeds. The colder distributions were interpreted to be a result of particles being ejected from the current sheet after only a few interactions. did another study, this time using the first set of measurements by Geotail. Ion distributions seemed to show evidence of differential memory [Burkhart and Chen, 1991] which implies that the shape of the present distributions is heavily influenced by past evolution. Recently, Holland et al. [1999] have used Geotail measurements to infer the thickness of the current sheet, using a technique that derives a global magnetospheric feature from just local measurements.
[7] In order to adequately compare modeled distributions with spacecraft data it is important to have a self-consistent model. If this is not true then the distributions we generate have no guarantee of being a solution to the Vlasov equation using the associated electric and magnetic fields. With particle orbits in a model magnetic field we can generate virtually any kind of distribution we want unless there is some kind of external constraint. We need these rigorous external constraints to allow the microscale particle orbit effects to agree with the macroscale fluid parameters.
With the consistent orbit-tracing (COT) model the constraints are provided by the field parameters. These field parameters fix certain macroscopic quantities that the particle orbit generated distributions must also satisfy. The quantities that are fixed can change from one problem to the next, but the cross-tail current has been the most important quantity in the previous magnetotail current sheet studies [e.g., Larson and Kaufmann, 1996; Kaufmann et al., 1997a Kaufmann et al., , 1997b carried out when using this technique. Another quantity that has proven to be important, especially when dealing with fast flows, is the earthward flow velocity. These points will be explored in greater depth when the respective model fields are introduced.
Fast Flows in the Magnetotail

Introduction
[8] Fast flows are often seen during substorm growth and onset phases [Angelopoulos et al., 1992; Angelopoulos et al., 1994; Baumjohann et al., 1990] . During these times the current sheet has been seen to become thin, on the order of an ion gyroradius [Mitchell et al., 1990; Sergeev et al., 1990; Sanny et al., 1994] . They are also strongly correlated with poleward boundary intensifications [Lyons et al., 1999] . It is during this kind of non quiet time event that nonadiabatic effects may become important. It remains to explain the reasoning behind the selection of these events. First we discuss the current carriers in the magnetotail current sheet.
[9] Figure 1 shows two types of ion orbits that combine to produce the current required to generate the current sheet magnetic field. These two plots are example particle orbits that are run in an example field. They are meant only as illustrative examples. Figure 1a shows a trapped or meandering kind of ion orbit. This orbit remains in the current sheet for a long time while gyrating about the oppositely oriented field lines on either side of the current sheet. From Figure 1 we can see that when this positively charged ion is near the center of the current sheet it moves in the negativeŷ direction and contributes current in the negative y sense. In the regions farthest away from the current sheet, this gyration sense is reversed and the sense of the cross-tail current will be positive. Furthermore we may observe that this type of orbit will act as a magnetization current. It will contribute little net current overall, yet it will exhibit large local currents.
[10] Contrast this with the Speiser particle shown in Figure 1b . This particle will contribute a large net current near the center of the current sheet and very little outside. The Speiser particle slowly gyrates about the weak B z at the center of the current sheet in the positive y sense. This will produce a large positive y current there. Outside z = z o this particle will behave gyrotropically and produce little current. The parameter z o is defined as
where
. This parameter is the distance from the current sheet at which a particle's radius of curvature about B XY equals its distance from the current sheet. Particle orbits in this range frequently exhibit nongyrotropic effects. For instance the trapped particle orbits are confined within approximately ±1.8z o of the current sheet. Outside of this range particles follow gyrotropic orbits.
[11] Combining these two types of orbits will allow us to generate the current density profiles that we are modeling. There are also intermediate orbits that mirror close to the current sheet that will contribute current profiles similar to Speiser orbits. The Speiser orbits contribute the bulk of the current density needed, but only in a limited z range. The addition of the intermediately mirroring and trapped orbit populations allow us to thicken the current sheet in combination with the Speiser orbits which contribute current only near the center.
[12] Electron current is calculated assuming that they follow gyrotropic orbits, and that they have isotropic pressure. This means we can use the gyrotropic current equation [Kaufmann et al., 1997b] 
[13] Here we only need the electron density and temperature. Density is assumed from quasi-neutrality to equal the ion density, and the electron temperature is assumed to be about one seventh that of the ion temperature. Any currents due to E Â B drift will be canceled out by ion motion, and we will have only the cross tail current contribution left. We neglect any possible scattering effects as well.
[14] Each of these two types of orbits have a distinct velocity phase space signature. In the absence of any significant B y component, the Speiser particles in the current sheet will be heavily weighted toward the positive v y direction, while the trapped particles will have a larger population on the negative v y side of the axis. As we examine distributions farther away from the center of the current sheet the phase space plots of these orbits will change. The trapped particles will exhibit progressively more positive v y density until we are outside the region (>1.8z o ) where they occur. The Speiser particles will exhibit gyrotropic motion outside z o , which will look like rings in the v x À v y plane. The intermediate mirroring particles will help fill any unnatural holes that may occur in our modeling as well.
[15] If the number density ratio of these two types of particle orbits are close to unity then we would expect there to be little anisotropy in the v y axis in phase space plots. In thinner current sheets we expect there to be a greater ratio of Speiser type orbits contributing to the thin current sheet, therefore the distribution functions are likely to show features that are due to this imbalance in v y axis phase density. In addition the confined nature of these fast flow regions may also have an effect because of the different scale sizes of these particle orbits. The characteristic Larmor radius (or azimuthal scale size) of the Speiser particles is inversely proportional to B z (z = 0). This will tend to be very large (for instance in our model a 5 keV ion will have a scale size of about 1 R E ) but only applies inside z o . In contrast the trapped particles will tend to have a gyroradius inversely proportional to B XY (z = z o ). These fields can have a factor of ten or so difference. A difference in the potential gradients along these two scale sizes can give rise to varying ion behavior in the different orbit populations.
[16] During quiet times, the distribution functions are generally isotropic. We expect that during active events there will be evidence of anisotropy, which we can analyze using the orbit types above. Fast flows are a very common active event, and there are numerous examples in our data set. We were also interested in thin current sheets and reconnection regions, but fast flows do not require as much inference from the data sets; that is, they are more of a direct measurement than some other events, and are less subject to interpretation. In general fast flows are associated with substorm onset times, which also tend to have thinner current sheets than normal. Although fast flows are also associated with strong dipolarizations (i.e., a subsequent thickening of the current sheet), we expect that the anisotropies in the distributions will be clear during these events.
[17] Now that the relevance of fast flow events to this study has been shown we need to outline a method to search through data. There have been several studies concerning the statistical aspects of fast flows in the magnetotail [Angelopoulos et al., 1992; Angelopoulos et al., 1994; Baumjohann et al., 1990] . These studies concentrated on the distribution of fast flows in the tail. Although these fast velocities are the main signature of these enhanced convection events they may overlook many events near the Earth. In the inner magnetosphere near the Earth the magnetic fields are stronger than those in the middle magnetotail (>10 R E for example) which limits the maximum velocity that a strong convection electric field can impose. A recent study by Schödel et al. [2001] has used electric field as the primary parameter. The electric field is defined in terms of the velocity and magnetic field components. This allows us to detect events with large electric fields that may not have large velocities but are still valid fast flows, in the sense that the convection flow is large compared with a quiet time flow.
[18] One last property of fast flows needs to be mentioned. There have been several studies [e.g., Sarris et al., 1976; Krimigis and Sarris, 1979; Angelopolous et al., 1996; Ohtani et al., 1992; Sergeev et al., 1995] carried out in which the fast flow regions' azimuthal extent has been shown to be limited in size. Typical scales inferred from these methods are 1-5 R E . The important point to note about these studies is that they were all carried out with the use of multiple measurements, either multiple satellites or one satellite coupled with ground measurements. Many more events could be analyzed if a single satellite could be used independently. In this study we only use data from Geotail, coupled with theoretical models to analyze fast flow events.
Fast Flow Distribution Functions From Geotail CPI Data
[19] To find events for comparison with the models (detailed in section 3) we use a search that emphasizes the electric field developed by Schödel et al. [2001] . In this search the flow velocities are secondary to the electric field. The search parameters are:
where E H is the convection electric field in mV/m. This quantity is a derived electric field that corresponds to bulk motion, either tailward or earthward. This electric field is assumed to be zero in the rest frame of the plasma. Other quantities are hv perp i, the perpendicular ion bulk velocity; hv para i, the parallel ion bulk velocity and b, the plasma beta parameter. This is commonly defined as the square root of the ratio of plasma pressure to magnetic field pressure. Finally y is defined in the GSE coordinate system. It should be emphasized that electric fields in this method are derived from the velocities. We are not making use of any direct measurements.
[20] One further limitation was placed on the searches done here. Since the orbit-tracing model is time independent (see below for more on this) we want to find events that last for as long as possible and are as stable as possible during that time. The Geotail CPI database that we are using contains data only in three-cycle averages, or approximately 66 s per data point. A consecutive measurement for our search purposes is defined as any two measurements fulfilling the search requirements that are no more than 130 s apart. We then require that for an event to be considered useful in this study it must contain at least 5 consecutive measurements. This requirement allows for an occasional low electric field measurement in an otherwise stable fast flow but generally will result in the longest and most timeindependent events possible. The timescales used here are consistent with Borovsky et al. [1997] , who concluded that the timescale of magnetotail turbulence is on the order of 2 min for velocities. By using this set of timescale limitations we can avoid as much as possible the random effects that may be associated with turbulence and thereby concentrate on time-dependent effects that are longer lived than turbulent changes.
[21] Using the aforementioned definitions we generated a list of 22 events from a data set spanning from 2 March 1995 to 26 February 1998, approximately 3 years. In order to truly compare these events with the models that we develop in the next section we need to choose several events to analyze in more detail. We do this by selecting events that are of the most extreme nature, such as a very long duration and/or very large flow magnitude. The more exaggerated these parameters are, the more likely that we can see significant features in the events that correspond to them. Four events were chosen to look at in detail. For reasons of space only two of them will be shown in detail here, the other two will be briefly summarized once we understand the first two.
[22] The first event that was analyzed is summarized in Figure 2 . Figure 2 shows the fluid parameters for the period from 0130 UT to 0245 UT on 1 November 1995. Geotail was located at GSE coordinates of X = À22.7, Y = À6.2, Z = À1.5 R E . At around 0200 UT there is a sharp increase in the electric field, seen in the bottom row. This sharp increase in the electric field corresponds roughly to an increase in the bulk flow velocity in the earthward v x direction. The search parameters described above were well satisfied by this event. Next, we need to look at several distributions for this event to see what features may be visible. We picked times that corresponded to the peak electric field and flow times, as these are expected to be the most likely periods to show anisotropies that can be compared with our models.
[23] Figure 3 shows a diagram of velocity space. The sphere is a representation of the three dimensional probability distribution in velocity space. The three circles labeled a, b, c represent three two-dimensional slices taken through different values of v z ; negative, zero and positive values respectively. We can make slices through each axis in this way and examine the distributions along any axis and value we want. However in order to limit the analysis to a reasonable number of images we need to limit the number of plots. We may do this by recognizing that there are two natural velocity components that are likely to show interesting behavior in this configuration. These are the bulk flow direction and the cross-tail current direction, v x and j y (in the same direction as v y ). This means that we plot images in the v x À v y plane, so for simplicity we pick v z = 0. We do not expect there to be any features in the v z direction, mainly because there is no feature in the fields that is asymmetric in that direction at the center of the current sheet. We will be concentrating on distributions as close as possible to the center of the current sheet as we can, since this is where most of the nongyrotropic effects occur.
[24] Figure 4 shows the distributions for this case. From the top left plot to the bottom right hand plot we show all the measured f(v) in this interval from 0204:20 UT to 0214:16 UT. Each plot also has its associated electric field labeled with it. The top left plot has a velocity label above it, in this case 3000 km/s. This is the positive velocity range, denoted velmax. Each image ranges from Àvelmax to +velmax in each axis. The color table shows the flux levels. The arrows on each plot are a projection of the x,y components of the magnetic field for each time. The arrows are scaled to the maximum value of the magnetic field in each time interval. Finally the contour lines shown are not set at specific flux levels. Rather each image is set to put three equidistant contours on each plot. This is done solely as a guide to the eye in seeing any possible features that may be present. [25] These distributions show very striking asymmetries, with some variation from plot to plot. We need to focus on the features that are consistent and associated with the high electric field regions. The first four plots on each row are associated with higher electric fields and the other two (or the last ones in each row) are smaller electric fields. This is not planned, rather this is just what the measurement showed. The larger electric fields range from 1.9-3.4 mV/m and the smaller electric fields are 0.3 and 1.3 mV/m. Some differences are visible. The asymmetries in the high electric field events are striking and unmistakable. There is a clear high-velocity 'lima bean' type of distribution that appears here. This feature is not obvious in the two small electric field plots. There also appears to be a sparse low flux background surrounding these asymmetric features that is more or less consistent. We also notice that the high fluxes are roughly in the v x direction, and do not seem to follow changes in the local magnetic field direction. Finally, we can see that the fast flow f(v) do not resemble those for slow flow times. The distributions for slow flows appear to be isotropic, but shifted along the v x axis. In contrast the fast flow f(v) involve asymmetry in the highenergy ions. These features need to be present in any model of fast flows that we try to develop.
[26] Figure 5 shows the fluid parameters for another event. This event differs from the previous one in location although the magnitudes of the derived electric fields in both cases are similar. This event occurred on 15 May 1996. The peak electric field occurred from 0117 to 0122 UT. This event happened to occur close to the Earth at a location of X = À11.7, Y = 0.7, Z = 1.5 in GSE coordinates. At approximately 0115 UT there is a sharp increase in the derived value of E H , jumping from a small value <1 mV/m to greater than 5 mV/m for more than 5 min. The velocity shows a similar increase and the magnetic field parameters indicate that the spacecraft was near the center of the current sheet as B x remains small, <5 nT throughout. There is a clear dipolarization signature at approximately 0120 UT as well.
[27] Figure 6 shows the distributions in the same format as for the previous events. Times selected are indicated, ranging from 0115:12 to 0124:54 UT, and we plot all the distributions in that time period. There are several periods with small values of electric field, for instance 0115:12 and 0116:17 have electric fields less than 1 mV/m. Then there is a clear increase and the anisotropies seen in the previous example appear here as well. There are some subtle differences in the amount of anisotropy, especially in the time period from 0119:33 to 0121:41 which we need to address.
[28] The two plots from 0119:33 to 0120:37 show large electric fields but the sharp anisotropies present in the previous example and in the three plots here at 0117:21, 0118:28 and 0121:41 UT are somewhat muted. These differences can be explained one way by being due to the higher temperature and density of the local plasma population in relation to the previous example. To compare, the ion density and temperature of the previous example are around 0.2 cm 3 and 2.5 keV compared with 0.6 cm 3 and 7 keV here. Since we are using the same size velocity boxes in both cases, the higher-temperature event will tend to be more averaged than the low-temperature one. This could mute any features. This difference could also be due to the local magnetotail current sheet being thicker here since we are much nearer to the Earth. From the orbit discussion in section 2.1 we know that the thicker a current sheet is, the closer the ratio of the Speiser versus trapped orbits are, and consequently the less anisotropy we expect in local distributions. In either case the nonadiabatic effects that we are interested in studying are still present and we have a start point for the modeling to come.
[29] The other two times that were studied in some detail will only be summarized here. One event occurred on 24 November 1996 at GSE coordinates of X = À22.2, Y = À0.4, Z = À2.6 R E . There was a period of fast earthward flow from 1020 to 1035 UT, with peak inferred electric fields from 1021 to 1031 UT. The distributions seen in this case are nearly identical with those seen in the first case. This is not surprising since Geotail was located in nearly the same place for both events. There is more fluctuation in this set of distributions, but other than that there is no significant change from the previous case.
[30] The other case occurred on 18 January 1998, located at X = À26.5, Y = 7.1, Z = À2.7. This event differed from the previous three in that this event had a very long duration. We saw an extended fast flow from 1320 to 1357 UT, ranging from 150 km/s to 830 km/s earthward flow with an average of 430 km/s. Plasma beta shows that this event was clearly in the plasma sheet, this was not a PSBL kind of flow. The differences in this case are intriguing and may be of interest in the future. The features seen in this example differ from the previous three. The anisotropies in the v x À v y plane seem to be rotated in relation to the other three sets of distributions. This could be due to the presence of a strong B y component in this case that is not present in the other three cases. This case is also much farther out in the flank of the magnetotail than the other three cases. In any case the other three examples are similar enough to each other that we can build a model of them with confidence that the data features we are trying to reproduce and analyze are real.
[31] We also would like to briefly compare these data sets with the other data surveys mentioned in the introduction. We want to make sure that the types of distributions seen here are consistent with previous measurements. The 'lima bean' distributions mentioned by are very similar to the types of distributions measured here. Nakamura et al. [1991] also showed fast flow distributions that exhibited these features, notably the one measured on April 13, 1985. This leads us to believe that the distributions seen here are typical and not artifacts of any one measurement technique or spacecraft.
Orbit-Tracing-Derived Fast Flow Distributions
Consistent Orbit-Tracing Method
[32] The COT model is designed to solve the timeindependent Vlasov equation for any given static magnetic and electric field configurations. In this respect it mirrors the methodology of Bernstein et al. [1957] , which provides plasma distributions for arbitrary electric potentials. A short summary of the method will be outlined here, further details can be found in work by Larson and Kaufmann [1996] .
[33] The first step in generating a COT model is to define the fields to be used. Once the magnetic and electric fields are defined, the macroscopic parameters such as velocity and electric current are fixed. We can now trace groups of ions with the ultimate goal of reproducing select field parameters using weighted sums of different particle groups. The next goal is to identify which fluid parameters are essential in each fit. For current sheet studies the crosstail current has been the most important parameter as it is directly related to the magnetic field topology. Other parameters can be added if necessary (such as V X for the fast flow) but it is important to point out that the physics of ion tracing will act to minimize unphysical effects by itself. For example, generating a model that is consistent with cross-tail current and earthward flow velocity will also give reasonable values for ion density since the ion density and cross-tail velocities must be combined to calculate the current.
[34] The next step is to generate groups of individual distributions. Each of these partial distributions is generated by a group of ion trajectories that contributes some element of the boundary conditions that is indispensable to the final fit. Picking the groups can be difficult but eventually enough groups can be traced to enable a least squares fit to weight them together to reproduce the boundary conditions with high certainty. For example, using cross-tail current as the fit criterion, we need to pick groups of ions that will contribute currents that can be combined to provide a good approximation to the analytical goal currents. A knowledge of the different kinds of trajectories and the kinds of currents that each can contribute is essential to this process.
[35] Previous studies [Kaufmann et al., 1997a [Kaufmann et al., , 1997b have shown that the magnetotail-like field current profiles can only be produced by including certain essential orbit types. Figure 1 showed the two main examples of nonadiabatic orbits that are needed to support the highly kinked field configuration near the center of the current sheet. As we stated before, Speiser orbits are needed to generate the main contribution of current at the center of the current sheet. Trapped orbits are needed to thicken the current sheet.
[36] Before moving onto the individual model that we have run it is important to clearly outline the advantages and disadvantages to this kind of analysis technique. The advantages have been touched upon in previous sections. Self-consistency between particle and field parameters is the most obvious advantage. Another less obvious advantage is that the groups that form each combined distribution can be analyzed in detail individually. This assures us that any features that are present in a combined version can be broken down into the individual orbit types that produce that feature. This does assume that each individual group is dominated by one orbit type, but this can be done for each group by an intelligent choice in location of the initiation point. We trace each particle's orbit very accurately so all chaotic and nonguiding center effects are included. Again, more on this can be found in work by Larson and Kaufmann [1996] .
[37] Finally we must be aware of the lack of explicit time dependence in our field parameters. Although the particle trajectories are traced in time, they are traced in fields that are static. The selection criteria above are employed to choose events with limited time variability for comparison with the model.
Fast Flow Modeling: Fields and Gridding
[38] The first step in modeling a confined fast flow configuration is defining the magnetic field. Here we use a tail-like equilibrium field based on work by Wang and Battacharjee [1999] coupled with an Earth dipole. The vector potential for the tail field is:
[39] The current sheet thickness in the region of interest is on the order of 0.1 R E . The magnetic field has no y (GSM coordinates) dependences other than the dipole contribution. The field parameters used are the same as in work by Kontodinas [1998 ], = 0.005, B c = 80 nT and a c = 0.07.
[40] The other key field to be defined in this instance is the electric field. Since we are modeling a latitudinally confined fast flow region we need to use an electric field with y dependence in the tail. The electric field used is
where E yo is the peak magnitude at y = 0, y o is the characteristic thickness of the electric field region and E yuniform is just a small uniform electric field which is imposed to insure that any particles that are interacting outside the peak field regions will eventually drift earthward out of the region of interest. It now remains to define the parameters above.
[41] First we address the peak field magnitude E yo . Bursty bulk flows have been defined as having peak velocity magnitudes greater than 400 km/s [Angelopoulos et al., 1992] and this can be a reasonable minimum velocity. Ideally we expect that the greater the deviation from average electric fields the more drastic any possible distribution function features will be. We then want the velocity at the peak in our fast flow model to be significantly greater than 400 km/s. A reasonable maximum value can be somewhat arbitrarily set to be 1000 km/s. Flow velocities of this magnitude are not uncommon although they are not typical either. For this reason we want to pick a value of E y /B z somewhere between these two extrema as a reasonable compromise. The exact value of B z will depend upon the field used and the spatial region selected but a value of 2.5 nT for our model at the center of the current sheet is typical. Using this value we set an electric field maximum value of 1.5 mV/m to give a peak velocity of about 600 km/s.
[42] Next we need to pick a characteristic width for our electric field region. In the region we are interested in the ion gyroradius about the weak B z at the center of the current sheet can be a useful scale size. Using the previous value of 2.5 nT for the magnetic field magnitude here, and assuming that the particle in question is a 5 keV hydrogen ion moving perpendicular to the magnetic field, we derive a gyroradius of about 0.8 R E . We recall that since we are using a distribution in energy many particles will have gyroradii both larger and smaller than this. This leads us to select a simple value as our width parameter, and we pick Y o = 1.0 R E .
[43] We have also defined a small uniform electric field to ensure that particles outside the peak field region will drift earthward and out of our spatial region of interest in a reasonable time. The value used here for this purpose is 0.1 mV/m.
[44] We need now to define the spatial and velocity space gridding where the particle trajectory information is kept. We generate a 6 dimensional array, 3 spatial and 3 velocity components. The three spatial components are divided into 1 xbox, 10 yboxes and 40 zboxes. The one xbox spans from x = À30 to À20 R E . The 10 yboxes span from y = À2.5 to 2.5 R E , each with a width of 0.5 R E . Finally the 40 zboxes are folded symmetrically about z = 0 to give 20 zboxes ranging from z = 0 to 0.4 R E . The folding is done to increase the statistics and because we have the symmetry to do it. We now have 200 spatial boxes. Each of these spatial boxes has one 30 Â 30 Â 30 velocity grid. The velocity grids range from Àvelmax to +velmax. Recall from the distribution plots that we used the term velmax to describe the edge of the images there. The variable has the same meaning here. For most models we use a value of 2.5 Â 10 3 km/s for velmax. This velocity range is picked to both maximize the number of particles contained within the phase space for the energies used, as well as minimizing the size of the boxes. This range is not good for all models, and we will come back to this point when discussing the last model.
[45] We have now defined all the parameters of the fast flow model magnetic and electric fields that we use in this section. Two other particle/field models have also been run to compare with this fast flow model. The first model is a simple one with only a uniform electric field. In Figure 7 we see the two fields compared. The uniform electric field was chosen to produce nearly the same potential difference across the entire y region as the thin fast flow field does. It has a value of 0.4 mV/m and was run in order to determine if there were any features in the distributions that were solely a property of the geometry of the spatial grids or any possible biasing inherent in the parent distributions that were used to generate random particles. All the gridding in the fast flow model is used again here.
[46] The final field model run in this section was designed to test whether the features seen in the peak electric field regions of the final thin fast flow model were a function of the thin field or the magnitude of the field. To address this we also ran a uniform field version using the same magnetic field and gridding parameters as before with the exception of the electric field. For this we used a uniform magnitude of 1.6 mV/m, which matches the peak field of the fast flow model. One other adjustment was needed in this case. The gridding in velocity space was adjusted so velmax is now Figure 7 . Cross-tail potentials of the first two orbit-tracing models. These potentials were picked to be physically realistic for a typical magnetotail and to match each other's total potential. 4.0 Â 10 3 km/s. This was done because of the wholly unphysical energization that particles will experience interacting with this electric field. In order to keep particles in our velocity grid ranges as they are energized by this field it was necessary to increase the size of the gridding.
Conditions of a Good Fit
[47] In the description of the COT method we emphasized that the fields used must set the conditions for a fit of the various individual ion groups. In this case there are two quantities that we require the final combined distribution to satisfy; cross-tail current density and earthward bulk velocity. The reasons to select these two quantities are relatively simple. The requirement for the current is meant to satisfy Ampere's law and provide the current that supports the magnetic field. The velocity requirement is new to this project and is included to ensure that the distributions we generate actually fit the definition of a fast flow. It is easy to generate the current fit for this magnetic field but it is much harder to require that the net velocity of the particles used in such a configuration match an external requirement.
[48] The actual values used for these fits can both be derived from the field quantities. The current density is straightforward and is just given by Ampere's law, J = r Â B/m o . We will also need a similar expression for the plasma bulk velocity. We can show from a frame of reference transformation that the frame in which the local cross-tail electric field vanishes is defined by the relation v x = E y /B z . This will be the rest frame of the plasma and fits our criteria for a velocity condition that only depends on field parameters. Note that this field is not constant: it is a strong function of position. It may be derived directly from the simplest version of Ohm's law, E + V Â B = 0, with the assumption that the average V z is small. Now we can see how well these quantities are reproduced by the final particle distributions.
Fluid Parameter-Fitting Results
[49] Figure 8 shows the goal currents derived from the final distributions. Each hash mark on the x axis marks the boundary of a spatial box in y. Within each of these yboxes are the plots of J y versus z. Each of these three plots then consists of 10 consecutive J y versus z plots concatenated together for successively increasing yboxes. The solid lines are the goal currents and the dashed lines are the particle derived currents. At the bottom of Figure 8c are the y locations for the center of each ybox. Figure 9 shows the Figure 8 . Current density fit profiles for the three models. These three plots show J y versus z for each of 10 successive yboxes ranging from À2.5 R E to +2.5 R E . The solid line is the J y calculated from Ampere's law, while the dashed line is the sum of ion and electron currents. The z range between each set of hash marks is 0 < jzj < 0.4 R E . corresponding velocity parameter in the same format. We shall examine each figure in turn.
[50] In Figure 8 there are three separate plots, one for each of the three distribution function model sets that have been generated in this section. Figure 8a shows the final current fits for the small uniform electric field model, Figure 8b shows the current fits for the thin fast flow model and Figure 8c shows the current for the large uniform electric field model. In each case the solid lines are the field parameters, in this case cross-tail current density derived from Ampere's law. The dashed lined represent the particle current density, both the ion contribution derived from the orbit-tracing as well as an electron contribution derived using an adiabatic assumption. We can see that in all three cases there is a very good agreement these two parameters. In general the first few yboxes in each model show a clear problem in the fit. The peak current density is usually too low and so is the current sheet thickness. This is important to remember and we will take this into account when we analyze the distribution functions for these boxes. Any features seen in these first two yboxes will not be reliable as a result and we will tend to focus more on the other 8 boxes.
[51] Similarly we can see in Figure 9 that the bulk earthward velocities are also well matched. Here we are specifically focusing on the earthward, or v x velocity only. Matching the velocities was a difficult process. A Speiser particle orbit will drift slightly in the earthward direction when near the current sheet but when it is outside z o it moves gyroscopically. This means that it will contribute mostly field aligned distributions so if all the particles in a group are started at one location one will see either many particles going toward the neutral sheet along field lines or many particles moving away from the neutral sheet along other field lines. These parallel velocities have large v x components when seen well away from the neutral sheet. To average out this effect we need to match the tailward and earthward contributions as closely as possible. We need a large number of particles moving both ways in every box at many energies. To achieve this we initialized particle groups in large regions. For instance, we randomized the initial positions of sets of particles in a region to overlap the ybox edges by 2 gyroradii on either side. This allowed us to average out the parallel motions of the individual particles and leave us with just the electric field drift contribution. Using several different widths of random start points allowed us to match both the currents and the velocities quite well. As in the current plots the first couple of boxes tend to not fit well. In this case there is a tendency to only have about half the velocity required. Couple this with the Figure 9 . Velocity fit profiles for the three models. As in Figure 8 , the solid line is the field-derived velocity, and the dashed line is the particle (in this case ion only) fluid moment. current fits and we can conclude that results in the first two spatial boxes of these models are not reliable and we should be careful in drawing any conclusions from them.
[52] Although we must accurately reproduce these field quantities using only the proper orbit trajectory combinations, the purpose of this paper is to examine the distributions functions of these models. The next section shows these results.
Uniform Small E y Model
[53] Figure 10 shows the distribution functions slices for the small uniform electric field version. In most respects it has the same format as the previous data distributions, that is, color bar, magnetic field vector, velmax, etc., however there is a small difference. Each distribution is labeled by the midpoint of the ybox that it is associated with, from y = À2.25 to 2.25 R E . We also choose the zbox closest to the center of the current sheet.
[54] We should point out first how these distributions are generated. When we trace each individual group we keep careful track of where a particle is, both spatially and velocity wise. Each time it crosses a boundary, whether a spatial one or a velocity one, we backtrace the particle until it is at the boundary in question. We can then keep careful track of how long a particle remains in each spatial and velocity box. This time step becomes the distribution function increment. So each individual distribution is made up of thousands of small time increments. The final distribution is a weighted average of each individual group distribution, and the final weight also normalizes the distribution to the cross-tail current, which makes the particle number density realistic.
[55] We now want to determine if there are any model related features that will be present in all our distributions that are purely functions of our methodology. As we examine each fluxplot from negative y to positive y across the tail we notice two features emerge, (1) a tendency for a heating effect, and (2) a trend toward increased patchiness in the distribution with increasing y.
[56] This trend toward heating in the distributions can be seen as we compare the more negative ybox distributions with the positive y ones. The size of the distributions are different. In the first several yboxes from y = À2.25 to y = À0.25 it is apparent that the distributions are completely contained within the boundaries of the plots. As we look at distributions on the positive y side we can see that there is an increasing tendency, the more positive in y we are, for the distributions to overlap the velocity boundaries. In particular the distribution at y = 2.25 shows this most clearly. This distribution overlaps the edges of the plot at both the extreme positive values of v x and v y . This means that the average velocities in this region are larger than they are on the negative side. This is a sign that particles are being energized as they move parallel to the cross-tail electric field. Since the definition of temperature is related to the second moment of velocity, any general increase of the size of a distribution while keeping the overall density roughly the same will result in an increased temperature, or a heating effect.
[57] The increased patchiness that is apparent is due to two tendencies in the particle distributions used to make this combined version in Figure 10 . The first is the previously mentioned heating. This has the effect of increasing the phase space available for these particles to inhabit without increasing the number of particles in our fixed velocity boundaries. This will degrade the statistics of the distributions since more particles are outside our velmax boundary.
[58] The other tendency we see is that particles drift earthward. As most particles interact with the current sheet near where they are initiated, their entire orbit will be well Figure 10 . Distribution plots for uniform small E y model. contained within the spatial box edges in the x direction. As the particles drift across the tail they will also drift earthward. The more they drift in this general earthward, crosstail direction the greater the chance that parts of an orbit may lie outside of the xbox boundary. Thus some contributions of the orbit may not be present in the distributions. This general trend toward phase space patchiness is expected to be present in all the models in this section since it is a function of the gridding and the presence of an electric field.
[59] These two features will be present in all the models in this paper, but are not necessarily impossible to remove. If we were to extend our range in y for example, the inference from this work is that the distribution plots for the farthest positive y examples will be unusable (too much energization, poor statistics, etc.). This is not the case. In fact, we can be much more careful in initiating our particle groups because these two effects are considered to be nothing more than biasing in our particle selection. Initiating particles over much wider x and y ranges will reduce this effect. The increased y range will create heating effects occurring outside our grid at more negative y values, reducing the overall energization gradient inside our grids. Finally, the increased x range will reduce the earthward drift effect, increasing the statistics for the more positive y ranges. In this project, we are only concerned with a small range of y centered near y = 0, so this biasing can be tolerated in this case.
[60] The only remaining features present in this model can be attributed to the thickness of the current sheet, since the electric field is constant in the grid region and the magnetic field changes only slightly because of the dipole. Recall that the magnetic field tail model used in all these cases has a current sheet thickness of approximately 0.1 R E . This is a very thin current sheet, chosen because there is reason to believe that such a sheet will show clear evidence of anisotropies in the y velocity distributions of Speiser versus trapped particles. This anisotropy is visible in all the boxes here as a tendency for there to be more high-intensity particle flux in the positive v y direction. Allowing for the heating and patchiness detailed above, all the boxes show roughly the same features in this respect.
[61] One last detail to discuss is something that appears in most of the distributions here but is not actually a feature. Almost all of the distributions shown here have holes in the high-intensity particle flux at low energies. In general these holes seem to be located at the same velocity as the rest frame velocity. These holes are artifacts of the way in which particles were initiated: our particle initiation procedure caused low-velocity particles to be preferentially excluded from our spatial region. Low-energy particles are dominated by the electric field drift, and they cannot get inside our grid regions from their initial locations because of this effect.
[62] Now that the base line features of the model have been established we may look at the fast flow model and see what new features appear.
Thin Fast Flow E Y Distribution Plots
[63] Figure 11 shows the distribution function plots for the fast flow electric field model. This field is narrowly confined within a small region near y = 0. This is the model that we will compare with Geotail data. The format of this page is nearly identical to the previous plots of Figure 10 with one difference. In addition to the position label on each distribution slice there is a also a label for the midpoint electric field value for each ybox's distribution slice. We point out that the two effects noted in the small constant [64] The main new feature in Figure 11 is the distinct distortion in the peak electric field plots. There is a sharp 'lima bean' feature here, as well as a shift of the high flux center toward large positive V x . When we examine the first few yboxes (remembering of course that the first two boxes were poorly fit) we can see that the distributions appear to be mostly isotropic. There are only small anisotropies of the same character as those seen in the small uniform field model produced by the thin current sheet. As we look at the regions of the high electric fields we can see that there is a new effect.
[65] The distributions at y = À0.25 and 0.25 R E show a very strong asymmetry oriented toward the positive V x and V y regions. The area of high-intensity flux (>5 Â 10 14 s 3 /m 6 ) shows a strong correlation between the positive V x and V y directions in the familiar 'lima bean' shape that has been observed, while to the lower-level fluxes do not show this kind of anisotropy. In fact, if we were to ignore the high anisotropy part, the rest of the distribution looks very similar to a shifted Maxwellian. This strong anisotropy closely resembles the events analyzed in Section 2.2. This orbit feature is due to a change in the ratio of the Speiser orbit particles in comparison with the trapped population. The Speiser particle, near the center of the current sheet, will tend to contribute flux in the positive V y direction. Since we have a strong cross-tail electric field here, we also have a shifting of the bulk plasma velocity to the positive +V x direction. These two effects give the characteristic shape seen in these two plots, namely the excess flux in the +V x , +V y quadrant of the plot.
[66] We may compare the plots here with similar plots from other papers. Lottermoser et al.
[1998] ran a hybrid simulation of a 2-D reconnection event. They see similar looking distributions (e.g., their Figure 6 ) as here, with strong Speiser orbit signatures at the center of their current sheet, exhibiting decreasing anisotropy with decreasing current sheet thickness. In other words, as they observe distributions farther from their x line, the lima bean signature goes away. Nakamura et al. [1998] also observed Speiser signatures in their own 2-D hybrid simulation. They show a tendency for strong Speiser signatures near the center of their current sheet, partial ring distributions at intermediate distances from the current sheet and counterstreaming distributions in the lobes. Lottermoser et al. [1998] also show this. These conclusions agree well with ours, although the fields are different. It is clear that fast flows and x lines are both regions where we expect to see strong anisotropies in ion distributions. The nature of these anisotropies is limited by the finite orbit types available in magnetotail fields. It seems as if anisotropies need some form of strong gradient, such as an x-line magnetic field or a strong confined electric field, to be so clearly seen.
[67] The question we would like to answer now is whether this lima bean feature is present because of the confined electric field width or the strong electric field magnitude. To answer this question we generated a third model with a large uniform electric field.
Large E y Uniform Model Distribution Plots
[68] Figure 12 shows the distribution plots for the large electric field model in the same format as the previous small uniform electric field model. The only difference in this plot is in the size of the velocity boundaries. Recall that when we set the size of these bins we needed to be careful to balance the requirements of small velocity sizes for details and large bins for better statistics and larger phase space volume. The reason we had to change the value of velmax here is because of the unphysical electric field imposed on this model.
[69] The electric field used here is the peak field used in the thin flow model, or 1.6 mV/m, much greater than the value of 0.4 mV/m assumed for the distributions in Figure 10 . Both of the previous models had the same cross-tail potential, approximately 26 kV. In this case however the cross-tail potential is 4 times as large, or over 100 kV. There will be 4 times as much particle energization in this model as in the previous two as a result. For the positive ybox distributions to remain populated we were forced to make the boundaries larger. At the time we could not compensate for this by increasing the number of velocity boxes because of computer memory constraints.
[70] There are several points to notice here. First each plot from the dawn side to the dusk side exhibits the same tendencies for heating and phase space patchiness as in the previous two models. In this case the patchiness is more subtle, since the velocity boxes are larger. The heating effect is very noticeable now. The size of the distributions on the negative y side is much smaller than those on the positive side.
[71] There is no clear evidence of lima bean type orbits here. There are some fluctuations visible in some of the yboxes that vaguely look like lima bean features, but the contrast between the flux levels of these features and the background is much less than in the confined electric field model.
Summary
[72] The three previous sections have shown the results of this orbit-tracing study. The small uniform electric field model allowed us to examine the validity the model itself. This allowed us to identify any systematic features in the distributions that were caused by the method of initiating particles or the geometry of our system. The fast flow electric field model shows distinct anisotropies in the v x and v y directions for the distributions in the peak electric field regions near the center of the current sheet. These anisotropies were not present in a large uniform electric field model. We draw the conclusion then that it is primarily due to the limited azimuthal size of this electric field region that we get anisotropy in the distributions. The magnitude of the electric field by itself cannot account for this, as the distributions produced by the large field model look more like Maxwellians centered on the convection speed.
[73] Several conclusions may be drawn from the work done here. First, it is possible using the COT methods to make consistent models that show fast earthward drifts with both large confined electric fields and with uniform electric fields. This implies that the bulk flow measured at any given point may not be enough information to truly characterize the conditions. We have shown here that the distribution functions can supply the final piece of information to make a distinction between these two different magnetotail configurations.
[74] Next, we also showed that there is a distinct difference between the distributions obtained from the two difference types of magnetotail electric field that we modeled. The differences can be traced to the nongyrotropic motion of the Speiser and trapped types of particles. We also made a distinction between the gyroradii of these two orbit types. They sample different azimuthal areas because of the magnetic field components that they gyrate about. This distinction causes the Speiser type particles to be affected differently by a confined electric field than the other orbit types are.
[75] At this point, the models are not sensitive enough to use real data to infer the width of fast flow electric fields. A much more comprehensive set of studies would need to be done for this purpose. There would also need to be more attention paid to the magnetic field inside a fast flow and outside it. If the fast flows contain strong dipolarizations of B z , then the local current sheet may be thicker inside the flow than outside it. This was not taken into account here.
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